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PRELIMINARY TANK INVESTIGATION OF THE USE OF SINGLE
MONOFLANE HYDROFOILS FOR HIGE-SFEED AIRFIANES

By Douglas A. King and John A. Rockett
SUMMARY

A preliminary Iinvestlgation was made in ILengley tank no. 2 of the
hydrodynamic take-off and lending charecteristica of e %-size model of a

hypothetlical Jet- and rocket-propelled high-spsed airpleme fitted with
various desligns of a single momoplane hydrofoil mounted near the center
of gravity. Instability of the airplane-hydrofoil combinations was
present during a range of speed in which transitlon from hydrofoll action
to planing-surface action of the hydrofoll occurred. With the best
conflgurations the transition Instebility was reduced but none sppeared
acceptable for take-off. The maximm hump load-resistance ratic cbtained
was 2.67. Skipping occurred during landing with pesk normel accelerations

up to k.kg. Breaker strips at the rear of the fuselage considerably Improved

the hydrodynamic characteristics.
INTRODUCTION

The feasibility of the water-based operation of hlgh-speed airplanes
is being Investigated by the Langley Aeronautical Leboratory of the NACA.
A dynamically simllar model of a hypotheticel Jet- and rocket-propelled
,alrplane is being used as a test vehicle and the effects of varilous
modifications and types of water-landing gears on the take-off and landing
characteristics are belng studied (reference 1). The use of NACA hydro-
gkis In this connectlon has been reported in reference 2. The present
paper describes a similer Investigation of the use of hydrofolls as water-
landing gear.

Numerous arrangements of hydrofolls have -been proposed in the past
for use on seaplanes and high-speed surface boats. ILadderlike arrange-
ments were used successfully on seaplanes with a relatlvely low landing
speed by Guidonl and on surface boats by Bell. Arrangements of monoplane
hydrofolls Intended to minimize the interference drag of the ladderlike
systems have been proposed by TietJens and Grunberg. The NACA has slso
Investigated various hydrofoll systems on seaplanes and surface boats.

A more extended dlscussion and references to original work can be found

ey T UNCLASSIFIED
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In the section on hydrofolls In reference 3. As the lift-drag ratio of .
a submerged hydrofoll 1s greatly decreased by cavitation, a hydrofoil

used as ‘the water-landing gear of a high-speed alrplane should preferably

pass through the water surface and plane at a speed less than its

cavitatlion speed.

Although a'variety of hydrofoll systems 1s being considered, the
preliminary tests were confined to single monoplene hydrofolls mowmted
near the center of gravity and stabilized when under water by the aft end
of the fuselage. Six hydrofoils incorporating verlations In area, plan
form, dihedral, and section were included in the program.

Because of the inherent low alr drag of the resulting configurations
the hydrofolls were not designed with retraction in mind. In order to
evaluate the effects on aerodynemic performence, wind-tumnel tests of a
model simllar to the tank model with and without—one of-the hydrofoils
wore made in the Langley 8-foot high-speed tunmel up to a Mach number
of 1.2 (reference 4).

MODEL

The model used in the tank tests, designated as Langley tenk model 229,
wag a %E-size dynemic model of & hypothetlcal transonlc slrplane of
13,140 pounds gross welght. It is fully described in reference 1 and is
shown fitted with a hydrofoll in flgures 1 and 2. The breaker strips

shown on the model in Tigures 1 and 2 were used in all but the Initlal
tests.

Other pertinent dimensions of the full-size alrplane are glven in the
following table:

Wolght in landing condition, poumds « « ¢ « ¢ + ¢ ¢« o & o« « « « « 8,720
Wj_n_g SP&D_’ fee'b e« & 8 & ¢ & s & s 6 e €& B " B e & " e s & & @ 25 «0
Wing area, sguare feet « ¢ ¢ o o o ¢ ¢ ¢ o ¢ o « o s o o o i & s 175
Length of fuselege, feet « « « « ¢ ¢ ¢ ¢ ¢ o « ¢ 4 o s o s+« « « hooo
Maximum dismeter of fuselage, feet « « + « ¢ ¢ « ¢ ¢ ¢ ¢ o o o & 5.0
TurbojJet thrust, pounds « « « ¢ ¢ ¢« ¢ = ¢« ¢ & ¢« s ¢« s + o« ¢« « « « 3,000
Rocket thl'us'b Po'und_s e e ® & ¢ o » e & » e ¢« o o & & o o« @ 6 OOO
Moment of inertia in pitch, slug-feet2 C e et e e e e e e . . 18,500
Moment of inertia in roll, Slug-Feet? = « « + o « o o o + o o o 2 hho
Moment of inertia in yaw, slug-feet2 s s e e e e s e n e e 15,600

The hydrofolls tested are shown in figure 3. Hydrofolls A and B had
rectangular plan forms and 20° dihedral. The other hydrofolls had swept-
back plen forms and 0° dihedral. Hydrofoil F was also tested with -10° .
and 30° dihedral. The arcas and aspect ratios are noted on the figure.
With the exception of hydrofoil D, all the hydrofoils were of polished

s
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brass with S5-percent-thick plano-convex circular-arc sectlons for the
hydrofolls and 10-percent-thick bicircular-arc sections for the struts.
The plano-convex sections were used for eage of machining and also
because the flat bottome were considered to be preferable to the curved
bottoms of airfoll sections for 'planing. Hydrofoil D was made of
bismuth-tin alloy cast over a steel core with an FACA 63-010 section for
the hydrofoi]l and an NACA 66-010 section for the strut.

Table I lists the position (designated by X, ¥, and 1 as shown
in fig. 1) of the hydrofoils, the length of ‘the breaker strips measured
from the rear end of the fuselage, and the type of tests made of each
configuration. The distances X and Y are mesasured to the trailling
edge of the hydrofoll center section from the nose snd from the fuselage
center line, respectively, and 1 is the incidence of the hydrofoil with
respect to the fusgelage center line, which was also the reference line
for trim and angle of attack.

Tests were made in Langley tenk no. 2 to determine the hydrodynamic
bake-off and landing characteristics of the model. The teke-off tests
were made by towing the model at various constant speeds, free to trim
and rise, from the tank towing carrlage. The take-off test setup 1s
shown in figure 4. Resistance, trim, and rise of the centber of gravity
were measured, and photographs of the spray around the model were taken.
The alr drag of the towlng gear was subtracted from the measured reslst-
ance, so that the reslstance presented herein l1s the sum of the hydro-
dynamic resistance and air drag of the model. In the low-speed portions
of the take-~off tests the flaps were not deflescted. Runs at high speeds,
where the hydrofoll had lifted the wings clear of the water, were made:
with a flep deflection of 20°. An elevator dsflection of 30° up was
used for the take-off tests. The exlstence of porpoising was noted when
present and was a factor In the progressive deslgn of the various hydro-
foills. No speclal iInvestlgation of the porpoising stabllity character-
istics of the various configurations was made, however.

The landing tests were made by launching the model at several
attitudes and speeds fraom the Langley tenk no. 2 monorail and allowling
the model to land on the water free of any restralnt. A1l landings were
made wilth the flaps deflected 20°. The speeds at which the model was
launched during landlng tests were determimed from the asrodynamic
characterlistica of the model given in flgure 5 of reference 1. The
behavior of the model and length of the landing run were observed
visually and photographically. Normal accelerations acting on the modsl
were messured by a small spring-driven recording accelerometer mounted

B:E_L inches forward of the center of gravity. Iongltudinal decelerations

were not measured by instrument but the mesan longitudinal decelerations
woere computed from the observed lengths of landing runs.
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The gross welght of the model for the take-off tests was T.61 pounds
(13 140 pounds, full-size). Iandings were made at a grose weight of
5.05 pounds (8720 pounds, full-size), which corresponds to the weight
of the alrplane with most of the fuel expendsed.

-

RESULTS AND DISCUSSION

General Hydrodynemlc Characteristice

The results of the hydrodynemic tests are given in figures 5 to 13
and tables IT to VI in the form of plctures of the model during take-off
and landing, plots of reglstance, trim, and rise against speed and tables
of landing accelerations and length of landing run.

General bekavlior of model.- The hydrodynamic characteristics and
behavlor discussed in this sectlon are those of the more nearly successful
configurations, that 1s, the model with breaker strips on the fuselage
and fitted with one of the large hydrofolls.

The teke-off was characterlzed by several phases, which are 1l1lustrated
by typical photographs of the model wilth hydrofoil C In figure 5. At
rest ‘the model flomted at 0° trim with the center of gravity at the water
line. A% low speods the bottom of the wing .was in the water, and the
fuselage acted as a displacement—type hull lifted upward by the su‘bm.erged.
hydrofoil. A reglon of Inetabllity occurred In a speed range during
which tramsition from hydrofoll action to planing-surface action of the
hydrofoil occurred. At higher speeds the hydrofoll planed on the swrface
of the water. Many of the configurations ran steadlly at these high
gpeeds but porpolsing occurred wlth same. The porpolsging resembled
upper-limit porpoising of seaplane hulls in that both the hydrofoil and
the rear of the fuselage were Involved.

For all of the hydrofolls except hydrofoll A the speed at which the
hydrofoll emerged from the water was so low that cavitation should not
occcur on the full-glze hydrofoll. The elevators produced enough moment
to alter the trim appreciebly, only at speeds greater than about 24 feet
per second, model size.

In general, the landing run conslsted of & seriles of falrly long,
low skips that gradually decreased In magnitude as the model progressed
along the landing run. The run was stralght and very little change in
attitude occurred during the skips. As the speed decreased to a low
value near the end of the landing run the 11ft of the planing hydrofoil
wes no longer enough to support the load and the hydrofoll submerged.
This drop of the model Into the water occurred smoothly, wilth no trace
of the trensition instebllity noted during teke-offs. Segquence photo-
graphs of a typical landing rum are shown in figure 6. All of the con-
figuretions with breeker strips had simllar landing characteristics.
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Transition stabllity.-- A1l of the hydrofoll systems exhibited a

characteristic instability in a speed range during which transition from
hydrofoil action to planing-surface action of the hydrofoil occurred.
'Model behavior in this renge was a c¢yclical motion pass:hng through the
following steps in about 1 second:

(a) Model ruming at low trim and rise wilth hydrofoll submerged.

(b) Trim and rise inmcrease slowly for a short time with hydrofoil
subnsrged .

(c) Trim and rise Increase quite raplidly, the model pivoting about
the rear end of the fuselage, until the flow separates over the top of
the hydrofoil or the hydrofoll breaks through the water.

(d) The hydrofoil loses 1lift and the model falls back to the position
of stage (a).

Successlive cycles occurred at Intervals of ebount 3 to 335' secondd .

At the higher speeds of the range, the increage in rise and trim was so
violent that the hydrofoll came completely out of the water. At the
lower speeds the loss of 1ift of the hydrofoll was probably caused by a
cambination of flow separation and ventiletion. Photographs of the
model at low and high positionms in the transition speed rengs are shown
in figure 5.

The transition instability appears tc be caused primarily by the
changes in 117+t assoclated with passing through the free-water surface
from a hydrofoil comdition to a planing-surface condition (reference 5).
It has also been suggested that the Instability 1s aggravated by the
proximity and shepe of the fuselage bottom.

Deflecting the flaps hed been found to lower the trim at low speeds
where the flaps were in the water. It was thought that transition
insgtability could be overcoms by holding down the trim in this mammer,
decreaging the 1ift of the sulmerged hydrofoll, vntil a spsed was
reached at which the planing hydrofoil would support the modsl. This
procedure was tried but was unsuccessful. With the flaps down, transition
instaebility was more violent. Making accelerated rums at about 2 or
2—;'- feet per second .per second through the speed range for transition

Instebllity resulted in only a slight alleviation of the 1lnstabllity.
Although the transition instabili'b;y of canfigurations Incorporating
gweep, low aspect ratioc, and 0° dihedrsl was less severs then that of

other confligurations, none of them appeared to be sufflclently stable to
allow acceptable take-offs.
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Registance .~ The resistance of the model with any of the hydrofoils
was greater In proportion to the welght than that of conventlonal sea-
plane floats. The lowest hump resistence obtalned in the tests was
that of the model with hydrofoils C at X = 20 inches, Y = 4.5 inches,
and 1 =2°%. (See fig. 13(c)}.) For this configuretion the gross load-
resistence ratio at the hump was 2.67, as compared to 4 or more for
conventlonal hulls. This high resistance, however, ls probably accept-
able In view of the low power loadings of such high~dgpeed alrplanes and
the ease of adding auxillary thrust units for take-off.

Breaker strlips.- Take-off characteristics of the model with hydro-
foil A with and without breasker strips extending 18 inches forward of
the stern are shown 1In figure T. Without the breasker sirips the model
porpolsed severely with the rear of the fuselage falrly deep in the
water and had an eccompanying high resistance. The porpolsing appeared
at speeds Jusat greater than the range of speeds in which transition
from hydrofoll ectlon to plening-surface action of the hydrofoll occurred.
Installing the 18-inch breaker strips reduced: the tendency of the sterm
to be sucked Into the water, reduced the reslstance, and deferred por-
poising to a much higher speed. The 18-inch bresker strips were also
uged in the tests of hydrofoil B, but for the remainder of the tests
breaker strips exbtending to the nose of the modsl were Installed since
this also eliminated spray in the vicinlty of the turbojet alr intakes
at low speeds, as shown in figure 5. The results of reference 6 indicate
that smaller strips could be used wilithout having sSpray enter the Intakes.

Development of Hydrofoils

The full-size speed at which hydrofoil A passed through the water
surface and began to plane was approximately its cavitatlon speed.
Hydrofoll B, having twice the area of hydrofoll A, was next tested on
the model. The effect on take-off characteristlics of doubling the
hydrofoll area is shown in figure 8. As can be seen, the large hydro-
foil B caused the model to rise In the wabter at lower speed and resultied
in lower hump resistence then the smaller hydrofoll A. The resistance
characteristlcs at high planing speeds were aspproximately the same with
both hydrofoils. At high speeds the model porpolsed with both hydrofoils.
During this porpolsing the model plvoted about the planing hydrofolil
with 1little verticel movement of the center of grevity.

It was thought that the short over-all length of hydrofolls A and B
may heve been a factor in the porpolsing experienced because of the corre-
spondingly short restoring travel of the center of pressure. Accordingly,
the total length of the remsining hydrofolls was Incremsed by introducing
swveep. The take-off characteristics of the model wilth hydrofolls B and C
are compared in figure 9. Photographs of the spray of the model with
hydrofoll C are glven in figure 5. Porpolsing at high speeds was not
encountered with hydrofoil C. The speed at which transition instability
gtarted and the rangs of speed in which 1t occurred were less with
hydrofoil C than wilth hydrofoil B. .
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When the model was filtted with hydrofoll D, which had & symmetrical,
low-drag, airfoil section, transition Insteblility occurred over a largs
speed range and the model was umnstable at planing speeds, as shown in
filgure 10.

Results of the take-off tests of the mogel fitted with hydrofoil E,
which had an aspect ratlo of 1, are given in figure 11. The range of
gpeed during which transition Instebllity occurred was ebout the same as
that of the model with hydrofoil C, but the instabllity wes less severe.
The normal acceleratlons expsrienced by the model during lan were
less when it was £itted with hydrofoll E then with hydrofoill C (tables IV
and V). Extension of the investigation to hydrofoils of lower aspect
ratio was not conslidered to be too useful as it would lead to shapes
approximately those of hydro-skis, which had already been Investigated.

Effects of Some Hydrofoll Parameters

Hydrofoll dihedral.- Since hydrofolls having either dthedral or

sweep alone had exhlbited transition Instability, the effect of dilhedral
on the swept hydrofoll F was investigated. The results are given in
figure 12. As can be seen, hyd.rofoil F with zero dihedral was the most
satisfactory, as hydrofoll F with -10° and 30° dihedral had large spesd
ranges in which transitlion Instebility end porpolsing occurred.

Results of the landing tests of the model with hydrofoil F at 30°
dihedral are given in table VI, and sequence photographs and a time
history of normasl acceleration.s ‘during & typicel landing are glven in
figure 6. The acceleyatlons experienced during lendings by the model
fitted with hydrofoil F at 30° dihedral were slightly greater than those
wlth hydrofoils C and E.

Hydrofoil pogition.~ The effects on bake-off characteristics of
the longltudinal poslitiom, vertical positlion, and incidence of the hydro-
foil are shown for the model fitted with hydrofoil C in figure 13. Im ,
general, similar tests of the model with other hydrofolls showed
camparable effects.

. As shown in figure 13(a) , moving the hydrofoll rearward decreased
the planing resistence and lowered the trim. There was no effect on the
range of speed In which transitlon instabillty occurred. In general,
moving the bydrofoll aft also decreased the noimel accelerations and
longitudinal deceleratlions experienced during landings. (See tebles III,
V, and VI.) However, when the hydrofoil was too far aft, the model
tended. to dive after landing, as Indicated by the results glven in

teble VI of landing tests for hydrofoil F with 30° d.ihedra.l

Increasing the vertical distance between the fuselsge and hydrofoil
Increased the trim and rise of the center of gravity at planing speeds
and increased the hmp resistance, as shown in figure 13(b).
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Varlation of the hydrofoil incldence had very little effect on the
registance at planing speeds, although increasing the Incidence lowered
the trim and slightly increased the rise. Figure 13(c) shows that the
greatest effect of hydrofoll Incidence was on the speed at which tren-
gltion inetabillty sterted and on hwmp resistaence. Increasing the
Incidence Increased the hump reslsgtarice and lessened the speed at which
trensition Instebility started. The minimum’ speed range in which tran-
sition instability occurred was with 2° incidence. The hydrofoll inci-
dence had little effect on the acceleratlomns experienced during landings.

CORCLUSIONS

On the ‘basis of preliminery hydrodynsmic teste of a model of a
high-speed alrplane fitted with a single moneplane hydrofoll the followlng
conclusions were drawn:

1. A1l configurations tested exhibited a characteristic instebllity
during a range of speed in which tremnsition from hydrofoil action to
- planing-surfece actlion of the hydrofoil occurred. The tremsition
instability was made less severe by varylng hydrofoll parameters, but
none of the configurations sppeeared to be acceptable for take=-off.

2+ The hydrodynamic resistence of the model fltted with a hydrofoil
was greater in proportion to the welght than that of conventional sea-
planes. The maximm hump load-resistance ratio obtained was 2.67.

3. A typlcal lending run conslsted of a series of low skips, with
peek normal accelerations of from 2.1g to h.hg, and mean longitudinal
decelerations of from 0.2kg to O.45g.

b, Fitting breaker strips at the rear of the fuselage considerably
improved the hydrodynamic characteristics.

@

Lengley Aeronautlcal La.'b’ora'bory
Nationsl Advisory Commlttee for Aerconautics
Langley Alr Force Base, Va.
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TABLE I
SUMMARY OF CONFIGURATIONS TESTED AND TYPES OF TESTS MADE
Dihedral | ydrofoll position {;:felg;l;rof Tomts made
Hydrofoil| ™ s oy 3 - : proake .
(4n.) | (n.) | (deg) (in.) Take-off [Landing
19 545 5 0 .
18.5] 5.5 5 0 N
A 20 20 b5 o o N "
2 18 N
2 18 *
De5 2 0 «
B 20 20 k.5 5 18 N
| 19 .5 5 L1 N
20 3.9 5 L1 N
ko5 0 41 *
¢ © 2 b1 * %
5 b1 * *
De> 5 b1 *
i ° 20 k.5 5 ¥l %
20 b5 2 L1 %
. ° 5 11 N N
21 be5 2 b1 .
F (-10°) -10 20 b5 5 ” -
(0°) 0 20 4.5 5 LT )
(30°) 30 50 b5 5 oy . )
21 k.5 5 —h *
SRACA S




TARTE LI
EFFECT. OF VARIOUS MODIFICATIORS OF LANDING CHARACTERTSTICS OF MOTREL 229

et | “Spoed ) Poak momal | Longltudinal deceleration I?ngth of e,
full-size accoloration full-aize
_ - (g) (e)
No modification 8 11 TH '- 1.05 630
(reference 1) 12 124 6.0 ~ 7 690
Planing surface ab 8 141 I 6 3.6 1.2i 550
rear of fuselege 19 10k 4.8 3.6 82 . 6%
(referemcs 1) ,
FACA hydro-skis '
(veference 2) 8 U 2.0 5 28 2400
Hydrofoll ale) 8 Wy 3.6 .39 1680
nosﬂ(;%c)m 20/5.5/2 .12 124 B T ' ol 1200
Hydrofoil C ‘ 8 i 3.2 - 25 2680
position 20/%.5/5 © - 12h 3.6 : 29 1850
Hydrofoll B 8 141 ) 29 280
position 20/ .5/5 312 124 3.4 : .33 1620
Hydrofoil ¥ 8 1k 343 B . 37 1760 -
with 30° dihedral.
pogition 20/4.5/5 12 124 4.0 .38 1390

Notes . _ . W
{a} Without brealker strips. '

b) Pogitlon mumbers refer to longitndinal position, Xj vertdeal .position,.l‘} and incidence, 1.

LTVET *ON W VDVN

T




TABLE IIT
'
STMMARY OF RESULTS OF TARDING TESTS OF MOIRL WITH "
HYDROFOIL A AND WITHOUT BREAKER STRIPS
drofoil positl
d o7 poprvm Attltude Epeed, Peak normal 101181;-’%11 Length of rmm,
1tudi- | Vertical | Incidence de full-gize acc_elera'bim tudinal Poll-size
m;gl, X Y i (ase) (mph) (g) d""e](-egaﬂm {£t)
(in.) (m.) | (aeg) 8
8 141 h.8 0.39 1680 .
19 55 5 :
12 124 5.1 45 1150 .
8 11 4.6 A48 1200
19.5 5.5 5 10 131 5.1 40 140
Iz 124 5.8 Wity 1320
8 141 2.6 A8 1320
20 b.5 el
12 124 2.2 .76 700
8 141 3.6 .39 1680
20 5e5 2 10 131 L. .39 1470 S
12 124 b . Ak 1200 i
' 2t
Wg = o]
5
&
—]

I T W W mm .




TABLE IV

SUMMARY OF RESULTS OF LANDING TESTS OF MODEL WITH HYDROFOIL C

Hydrofoil position

Mean

LTVET *ON WI VOVN

Attitude Speed, |Peak normal Length of run
51 Jeration|longitudinal -
Longi‘b;dinal, Vert;cal, Incigsnce, (deg) fu:& PISI)ZG &006(;‘& an dece](.e:;-ation ful%fi:)lze

(1n.) (in.) | (deg) ' g
20 b.5 2 8 1 3.0 0.28 2400

8 Sy 3.2 25 2680
20 b5 5

12 124 3.6 29 1850

€T




TARBLE ¥

EUMMARY OF RESULTS OF LANDING TESTS OF MODEL WITH HYDROFOIL E

Hydrofoil position

Mean ]
1 Attitude C 3 tion|longitudinal ’
Longi‘b;d_‘!.nal, Verb;.rca.l, Incicji:ence 37 (deg) fu.}.l mpﬁ%ze accefzz:)‘a on dece%e;‘a. tion fu]é;;;ize

(in.) (1n.) | (deg) g

8 11 2.6 0.30 2020
20 4.5 2

12 124 2.9 26 2040

8 141 2.1 29 2280
20 k.5 5 .

12 124 3.4 33 1620

8 1h1 2.9 .30 2200
21 4,5 2

12 12k 3.5 2l 2250

T@?

+T
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TABLE VI

SMMARY OF RESULTS OF LANDING TESTS OF MOIEL WITH HYDROFOIL F

WITH 30° DIHEIRAL

Hydrofoil posltion

Speed |Pesk normal Length of mm
Attitude )
1tudinal ,| Vortical, | Incidenc full-size| acceleration|lonEltudinall  py17 _g15e
(1n.) (1n.) (deg) 8
- 8 k3N ] 3.3 037 1780
20 b5 5
1?2 124 h.0 »38 1350
B 5] 3.0 1.0 600
2l k5 5 -
12 124 3.7 .76 700
—

(a) Model tended to dive.

LTVET "oN WL VOVN
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Figure l.— General arrangemsnt of model 229 with hydrofoil D. (All dimensions are feet full—gize, =
’ inches model gige.) E
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Figure 2.— Photograph of model 229 with hydrofoil D.
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Pigure 3.— Details of hydrofolls. (All dimensions are inches model-gize, feet full-aize.)
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Figure 3.— Concluded.
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Figure k.— Take—off test setup showing model floating at take—off welght.
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Eigure-5 — Spray chaeracteristics of model 229 with hydrofoil C. Plctures

at 11 and 13 fps show two positions of model during transition
instability. ;
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. Figure 13.— Concluded.
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